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Abstract: Atherosclerosis is the leading cause of morbidity and mortality among Western 
populations. Over the past two decades, considerable evidence has supported a crucial role 
for DNA damage in the development and progression of atherosclerosis. These findings 
support the concept that the prolonged exposure to risk factors (e.g., dyslipidemia, smoking 
and diabetes mellitus) leading to reactive oxygen species are major stimuli for DNA 
damage within the plaque. Genomic instability at the cellular level can directly affect 
vascular function, leading to cell cycle arrest, apoptosis and premature vascular 
senescence. The purpose of this paper is to review current knowledge on the role of DNA 
damage and DNA repair systems in atherosclerosis, as well as to discuss the cellular response 
to DNA damage in order to shed light on possible strategies for prevention and treatment. 
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1. Introduction 

Cardiovascular disease (CVD) remains the leading cause of death in industrialized and developing 
countries [1]. Major clinical manifestations of CVD include myocardial infarction, coronary artery 
disease, stroke and peripheral artery disease [1]. In most cases, these clinical conditions result from 
atherosclerosis, a progressive disease of the arterial wall, characterized by focal thickening and luminal 
obstruction [2]. Atherosclerosis is a complex inflammatory process characterized by thickening of the 
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intima of an artery via the accumulation of a heterogeneous mixture of cells, predominantly vascular 
smooth muscle cells (VSMCs), lymphocytes, macrophages and extracellular lipids, collagen and 
matrix. The release of growth factors and inflammatory cytokines from these various cell types 
promotes further accumulation of inflammatory cells and deposition of extracellular matrix 
components, causing the lesion to develop into an advanced plaque consisting of a lipid-rich necrotic 
core covered by a VSMC-iich fibrous cap. Rupture of the plaque leads to thrombosis and artery occlusion, 
resulting in myocardial infarction. The process is triggered by endothelial dysfunction induced by a 
variety of cardiovascular risk factors, such as smoking, diabetes and hypercholesterolemia, as well as 
genetic predisposition (Figure 1) [3,4]. 

Despite progress in understanding the inflammatory process of atherosclerosis, very little is known 
about the molecular mechanisms through which plaque is disrupted or about the relationship between 
plaque disruption and both the trigger and onset of acute disease. In recent years, evidence also 
suggests an important role for DNA damage and premature vascular aging in the development and 
progression of atherosclerosis [5-7]. Vascular aging is viewed as a consequence of prolonged exposure 
to risk factors, leading to reactive oxygen species (ROS) and reactive nitrogen species (RNS) within 
the plaque, which are major stimuli for DNA damage (Figure 1). Genomic instability at the cellular 
level can directly affect vascular function and/or lead to cell cycle arrest, apoptosis and senescence [5-7]. 

Figure 1. A simplified overview of atherosclerosis. The figure shows that one of the 
earliest events in atherosclerosis is an altered endothelial function (dysfunction), causing 
increased permeability to lipids, recruitment of circulating monocytes and T lymphocytes, 
formation of foam cells from macrophages that bind oxidatively modified LDL, secretion 
of inflammatory mediators and growth factors, and the accumulation of smooth muscle 
cells leading to the formation of an atherosclerotic plaque. In addition, the plaque 
environment may also induce DNA modification of vascular cells by action of endogenous 
DNA-damaging agents, such as reactive oxygen species (ROS) and reactive nitrogen 
species (RNS). 
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The purpose of this paper is to review current knowledge on the role of DNA damage and DNA 
repair systems in atherosclerosis and discuss the cellular response to DNA damage in order to shed 
light on possible strategies for prevention and treatment. 

2. Evidence of DNA Damage in Atherosclerosis 

There is increasing evidence of DNA damage accumulation in atherosclerotic plaque either as 
genomic alterations or as DNA adducts in nuclear DNA [8,9]. Genomic alterations observed in 
atherosclerotic plaque are micros atellite instability (MSI) and loss of heterozygosity (LOH). 
Microsatellites are DNA sequences in which a short motif of 1-5 nucleotides is tandemly repeated 
10-100 times. Microsatellites are prone to mutation during replication. The loss or gain of repeated 
units on the daughter strand results in length variation termed microsatellite instability (MSI), and it 
occurs in the presence of alteration of mismatch repair (MMR). LOH is the loss of an allele that allows 
normal gene function, where the second allele has already been inactivated by mutation. At the 
vascular level, a number of studies have shown LOH and MSI in DNA extracted from atherosclerotic 
plaques, compared to DNA extracted from adjacent normal tissue, suggesting that specific molecular 
alteration of target genes could be an important molecular mechanism associated with the atherogenic 
process [10-13]. In addition, single or associated clonal chromosomal abnormalities were found in 
primary cell cultures from human atherosclerotic plaques [14]. Interestingly, Matturri et al. showed 
that unstable atherosclerotic plaques presented a variety of chromosomal abnormalities in carotid 
endarterectomy specimens [15]. Conversely, stable plaques did not present any chromosomal 
abnormalities, supporting the hypothesis that genetic instability might be of particular importance in 
the mechanisms of plaque evolution [15]. 

DNA adducts have also been detected in the VSMCs of human abdominal aorta affected by 
atherosclerosis, and their levels were significantly correlated with known atherogenic risk factors, 
including age, number of cigarettes per day currently smoked, arterial pressure, blood cholesterol and 
triglycerides [16]. Furthermore, these molecular end-points appear to have a critical role in disease 
progression and clinical outcome, as shown by findings on survival of patients affected by severe 
atherosclerosis after 14 years of follow-up [17]. High levels of lipid peroxidation-derived etheno DNA 
adducts have also been found in human atherosclerotic lesions, demonstrating the presence of DNA 
damage in human atherosclerotic plaque induced by both endogenous (oxidative stress and lipid 
peroxidation) and exogenous (environmental factors) agents [18]. It has also been shown that DNA 
damage not only occurs in peripheral blood cells of patients with coronary artery disease and acute 
myocardial infarction [19], but is also associated with the long-term clinical outcome [20]. 

Finally, there was also ample evidence to suggest that telomere dysfunction is another key 
molecular event in the pathogenesis of cardiovascular and metabolic diseases [5,6,21]. Telomeres are 
necessary for genomic stability and integrity, preventing chromosomal end deterioration and fusion by 
cellular DNA repair processes. Dysfunctional telomeres can lead to genomic instability, and telomere 
length is an important factor in the pathobiology of human disease [5,6]. Progressive telomere 
shortening has been demonstrated in peripheral blood cells from patients with metabolic syndrome, 
diabetes mellitus, coronary heart disease and premature myocardial infarction [5,6,21]. Importantly, 
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accumulating data demonstrate that both telomere shortening and DNA damage are crucial mediators 
for vascular dysfunction by activating the DNA damage response pathway (DDR) [5,6]. 

In addition to the aforementioned observations that atherosclerosis is associated with the presence 
of DNA damage and repair thereof, evidence has emerged that DDR actually plays a causative role in 
vascular aging and atherosclerosis [5-7]. This evidence comes from studies in animals with an altered 
gene for DNA repair components, such as nucleotide excision repair (NER) proteins [22], double 
strand break (DSB) repair proteins [23,24], telomere maintenance proteins [25] and base excision 
repair (BER) proteins [26]. Before going into detail on this topic, we briefly describe the main DNA 
repair pathways and proteins involved, focusing on proteins that have been related to CVD. 

3. DNA Damage Repair Overview 

3.1. DNA Repair Systems and Key Components 

In healthy cells, the variety and frequency of DNA lesions are matched by the complexity of 
mechanisms that counteract these threats in order to preserve genomic integrity. Collectively, these 
mechanisms are known as the DDR. Most DDR pathways are characterized by tightly coordinated 
processes: namely the detection of DNA damage, the accumulation of DNA repair factors at the site of 
damage and, finally, the physical repair of damage. DNA repair is strictly correlated to cell cycle 
progression, since the repair of DNA must occur before replication of DNA; otherwise it may result in 
a permanent change in the DNA sequence. 

At least four main partly overlapping damage repair pathways operate in mammals: NER, BER, 
DSB repair, subdivided into homologous recombination (HR) and non-homologous end joining 
(NHEJ), and MMR pathway (Figure 2) [27]. The division of tasks among them can be roughly defined 
as follows. NER deals with the wide class of helix-distorting lesions that interfere with base pairing 
and generally obstruct transcription and normal replication. DNA surrounding the lesion is excised and 
then replaced using the normal DNA replication machinery. Excision repair cross -complementing 
protein 1 (ERCCl) is key to this excision step. XPD (also known as ERCC2) is a component of TFIIH 
and is a DNA helicase that is involved in 5' to 3' unwinding of the DNA in the vicinity of a damaged 
base [28]. Small chemical alterations of bases, such as oxidation, methylation, deamination and 
hydroxylation producing single strand breaks (SSB), are targeted by BER. These lesions may not 
impede transcription and replication, although they frequently miscode. In BER, damaged bases are 
first removed from the double helix and the 'injured' section of the DNA backbone is then excised and 
replaced with newly synthesized DNA [29]. Key to this process are the enzymes poly(ADP ribose) 
polymerase 1 and 2 (PARPl and PARP2), which act as sensors and signal transducers for lesions, such 
as SSBs. PARP-1 detects SSBs either induced directly by ROS or generated through the enzymatic 
incision of an abasic site by AP endonuclease 1 (APEl) or a dual function DNA glycosylase. Upon 
binding to DNA damage, PARP-1 forms homodimers and catalyzes the cleavage of NAD"^ into 
nicotinamide and ADP-ribose to form long branches of ADP-ribose polymers on glutamic residues of 
a number of target proteins. Potential targets of poly(ADP-ribosylation) include PARP-1 itself, 
histones, transcription factors and other signaling molecules, such as nuclear factor-kappaB, DNA-PK, 
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p53, topoisomerase I and lamin B [30]. Poly(ADP-ribosyl)ation is involved in the regulation of 
multiple physiological and pathophysiological cellular functions besides DNA repair [31,32]. 

Figure 2. DNA damage and DDR pathways. The genome is exposed to several kinds of 
damage, such as SSB, DSB, bulky adducts, base mismatch, insertion and deletion. The 
choice of repair pathway depends on the type of lesion. 
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DSBs are the most serious lesions, as both strands are affected. Two pathways, HR and NHEJ (and 
presumably additional back-up systems), were developed for solving the DSB problem. The major 
mechanisms that cope with DSBs are HR and NHEJ. HR seems to dominate in the S and G2 phases of 
the cell cycle when the DNA is replicated. It is a conservative process in that it tends to restore the 
original DNA sequence to the site of damage [33]. Part of the DNA sequence around the DSB is 
removed (known as resection), and the DNA sequence on a homologous sister chromatid is used as a 
template for the synthesis of new DNA at the DSB site. Crucial proteins involved in mediating HR are 
those of MREll complex proteins (MRN complex, MREll, NBSl and RAD50). The MRN complex 
is highly conserved and is involved in nearly every aspect of the DSB damage response, including 
DNA damage sensing, signaling and repair. Other important proteins are BRCAl, BRCA2 and RAD51. 
DSBs are recognized by the MREll complex, which catalyses the activation of ataxia-telangiectasia 
mutated (ATM) protein [34]. In contrast to HR, NHEJ is most relevant in the Gl phase of the cell 
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cycle, when a second copy is not available [35]. Rather than using a homologous DNA sequence to 
guide DNA repair, NHEJ mediates repair by directly ligating the ends of a DSB together. Sometimes, 
the process can cause the deletion or mutation of DNA sequences at or around the DSB site [36]. 

MMR is crucial to the DDR. It deals primarily with dNTP misincorporation and formation of 
insertion and deletion loops that form during DNA replication. These errors cause base mismatches in 
the DNA sequence that distort the helical structure and are recognized as DNA lesions. The 
recognition of the distortion triggers a sequence of events resulting in the excision of newly 
synthesized DNA encompassing the mismatch site and the re-synthesis of DNA in its place. Key 
proteins of MMR are encoded by the mutS and mutL homologue genes, such as MSH2 and MLHl. A 
consequence of an alteration in these two proteins is MSI instability. 

3.2. Signal Transduction Pathways of the DDR Process 

DDR is a neatly regulated process employing an intricate signal transduction system. DNA lesions 
trigger the activation of various kinases, ATM and ATR, which constitute the primary transducers in 
the signaling cascade. While ATR activation is associated with SSB and stalled DNA replication forks, 
ATM responds mainly to DSBs. The ATM/ATR-dependent phosphorylation of H2AX at SI 39 
constitutes one of the initial signals upon DNA lesion detection. H2AX phosphorylation is believed to 
be essential for the sustained accumulation of various checkpoint and DNA repair factors at DNA 
breaks [37]. Other ATM/ ATR targets are the protein kinases CHKl and CHK2. These proteins 
mediate the connection between DDR and the cell cycle. They act to reduce cyclin-dependent kinase 
(CDK) activity by various mechanisms, some of which are mediated by activation of the p53 
transcription factor. Upon activation, p53 transcriptionally induces a host target gene, which promotes 
cell cycle arrest, allowing time for DNA repair [38]. 

Another class of signaling proteins is that of sirtuins. Sirtuins are classically known as longevity 
proteins. Mammalian sirtuins have diverse cellular localizations and are, therefore, involved in many 
cellular processes, including gene expression, metabolic control, apoptosis and cell survival, 
development, inflammation, neuroprotection and healthy aging [39]. SIRTl, SIRT6 and SIRT7 have 
nuclear localization. SIRTl belongs to the third class of deacetylase enzymes, which require 
nicotinamide adenine dinucleotide (NAD"^) as an essential cofactor. The list of SIRTl substrates is 
continuously growing and includes several transcription factors — ^tumor suppressor protein p53 and 
members of the FOXO family (Forkhead box factors regulated by insulin/Akt) [40]. It has been shown 
that SIRTl and SIRT6 have a role in DDR. SIRTl has been proposed to modulate apoptosis and cell 
proliferation in response to damage-causing agents and metabolic imbalances [41]. One of the targets 
of SIRTl is NBSl, the regulatory subunit of the MRN complex, which participates in sensing DNA 
damage and in mounting the cellular response to DSB [42]. SIRT6 plays a key role in DNA repair and 
maintenance of genomic stability in mammalian cells, integrating stress signaling to prime the DNA 
repair machinery in response to oxidative stress [43]. The first evidence that SIRT6 may impact on 
DSB repair came from the observation of genomic instability in SIRT6 knock-out mice; cells from 
these mice exhibit a high incidence of chromosomal rearrangement and breakage, as well as a 
hypersensitivity to y-irradiation [44]. Two subsequent studies noted that knockdown of SIRT6 in 
human cells similarly sensitized the cells to chemically induced DSBs [45,46]. 
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4. DNA Repair in Atherosclerosis 

4.1. DNA Repair Proteins in Atherosclerosis 

As announced in section 2, a causative role of DDR in the development of CVD has been proposed, 
according to observations in animal studies [22,23,47,48]. Durik et al. [22] observed functional 
changes in the vasculature and hypertension in two NER-defect mouse models, Erccl and XPD 
mice. These NER defective mice showed increased vascular cell senescence, accelerated development 
of vasodilator dysfunction, increased vascular stiffness and elevated blood pressure at a very young 
age. They also found an association between SNPs of genes encoding for relevant NER components 
and increased vasculature stiffness and conclude that DNA repair capacity is associated with 
accelerated vascular aging in mice. 

The activation of BER key player protein, PARPl, appears to be involved in the vascular 
dysfunction associated with circulatory shock, myocardial ischemia reperfusion injury, heart failure, 
hypertension, diabetes and cardiovascular aging [49]. Furthermore, an elevated level of PARP-1 was 
found in human atherosclerotic plaques [50]. Interestingly, in an ApoE mouse model of atherosclerosis 
fed on a high-fat diet, PARP inhibition improved endothelial function [51]. Consistent with these data, 
pharmacological PARP-inhibition on H202-induced endothelial dysfunction supports the notion that 
PARP inhibition may represent a potential therapeutic approach to reduce vascular dysfunction 
induced by oxidative stress [52]. 

Mahmoudi et al. [23] identified a mechanism by which statins accelerated DNA repair, via Hdm2 
phosphorylation, NBSl stabilization and more rapid ATM and H2AX phosphorylation. Consequently, 
statins attenuate DNA damage, cell senescence and telomere shortening in VSMCs and may thereby 
promote plaque stability in atherosclerosis [23]. Accordingly, Pemice et al. [53] observed a reduction 
in chromosomal damage in culture lymphocytes from end-stage renal disease patients with different 
degrees of carotid artery atherosclerosis treated with several doses of simvastatin compared to 
untreated cells. The finding supports the idea that the anti- atherogenic action of statins may therefore 
be partly ascribed to their ability to provide protection against genomic damage. 

Moreover, MMR has been extensively investigated in molecular medicine. MSI is considered to 
indicate an ineffective MMR system. LOH and MSI have been reported in a number of human 
malignancies. To detect the incidence of LOH in DNA MMR genes occurring in atherosclerosis, fifty 
human autopsy cases of atherosclerosis were examined for LOH using 19 microsatellite markers, in 
three single and four tetraplex microsatellite assays. The markers used are located on or close to MMR 
genes. The authors found that loss of heterozygosity on hMSH2, hPMSl and hMLHl loci occurs in 
atherosclerosis. The occurrence of alterations in MMR genes indicates the presence of decreased 
fidelity in DNA repair in atherosclerotic tissues and may represent important events in the 
development of the disease [54]. MSI and LOH have been also found on chromosomes 1, 2, 8, 9 and 
17 in cerebral atherosclerotic plaques [55]. 

4.2. DNA Damage Signaling Proteins in Atherosclerosis 

The DDR signaling proteins have a pivotal role in atherosclerosis. Evidence of involvement of 
ATM in accelerated atherosclerosis has been obtained by Mercer et al. [24]. The authors showed that 
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the haploinsufficiency in ATM generates defects in cell proliferation, apoptosis and mitochondrial 
dysfunction in VSMCs and macrophages. This failure of DNA repair in turn leads to ketosis, 
hyperlipidemia and increased fat storage, promoting atherosclerosis and metabolic syndrome. 
Moreover, it has been demonstrated that ATM is a sensor of ROS. Guo et al. showed that in the 
presence of high levels of oxidative stress, ATM is oxidized. Ox- ATM induces activation of the MRN 
complex, even in the absence of DNA DSBs [56]. 

In transgenic mice with heart- specific overexpression of SIRTl, beneficial effects are observed only 
in animals with a slight or moderate up-regulation of SIRTl, which is due to an increased catalase 
expression through FoxO-dependent signaling. Furthermore, the heart- specific overexpression of SIRTl 
retards aging of the heart and further protects the heart from paraquat-induced oxidative stress [57]. 
Moreover, endothelial expression of SIRTl decreases atherosclerosis in apoE null mice [58]. Polyploid 
endothelial cells are found in aged and atherosclerotic arteries [59,60]. Borradaile et al. [61] showed 
that human aortic endothelial cells become tetraploid as they approach replicative senescence. 
Interestingly, induction of polyploidy was completely prevented by modest overexpression of the 
NAD-i- regenerating enzyme, nicotinamide phosphoribosyltransferase (Nampt). The protection from 
polyploidy conferred by Nampt was associated with increased SIRTl activity, which reduced cellular 
ROS and the associated oxidative stress stimulus for the induction of polyploidy. 

The studies presented in this section provide the best evidence to date that alteration in DDR can 
play a causative role in development and progression of atherosclerosis. 

5. DNA Repair Polymorphisms and Atherosclerosis 

Inter-individual variations in DNA repair capacity/efficiency linked to the presence of 
polymorphisms in DNA repair-related genes may account for different risks of developing vascular 
dysfunction and atherosclerosis. However, to date, specific studies that correlate polymorphisms or 
mutations in genes controlling distinct DNA repair pathways with atherosclerosis are very few [62-64]. 
Specifically, polymorphisms located in the DNA repair gene XRCCl, a multi-domain protein that is 
involved in the BER pathway and interacts with key enzymes for DNA repair, such as PARPl and 
XPD, are significantly associated with the risk of coronary artery disease and elevated levels of 
chromosomal damage in patients [63]. An increased risk of large artery atherosclerotic stroke has been 
shown in a Chinese population of cigarette smokers carrying polymorphisms in several DNA repair 
genes [65]. In a recent study, an association between a SIRTl gene polymorphism and cholesterol 
metabolism and coronary artery calcification in hemodialysis patients has been observed [66]. The 
authors suggest that SIRTl polymorphism may be associated with development of cardiovascular 
disease in hemodialysis patients. Furthermore, Dong et al. show an association between the 
mitochondrial uncoupling proteins 5 (UCP5), SIRT6 and SIRT5 gene variants with carotid plaque, a 
surrogate marker of atherosclerosis [67]. 

A paper by Durik et al. also explored associations between single-nucleotide polymorphisms of 
selected nucleotide excision repair genes and arterial stiffness and found a significant association of a 
single-nucleotide polymorphism (rs2029298) in the putative promoter region of the XPE gene with 
carotid-femoral pulse wave velocity [22]. 
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Finally, it is interesting to note that independent genome-wide association studies report an 
association between SNPs in the 9p21 locus with a risk for coronary artery disease and myocardial 
infarction risk [68]. This interval contains no annotated genes and is not associated with established 
CHD risk factors, such as plasma lipoproteins, hypertension or diabetes. On the contrary, it is located 
near the suppressor genes CDKN2A and CDKN2B (cyclin-dependent kinase inhibitor 2A and 2E). The 
proteins encoded by these genes pl6INK4a, pl5INK4b and pl4ARF play a critical role in regulating 
cell proliferation, cell aging and the associated degeneration and the programmed cell death of many 
cell types. Deletion of the 9p21 locus in mice reduces CDKN2A expression and increases cultured 
smooth muscle cell proliferation [69], supporting the hypothesis that DNA damage and cellular 
senescence contribute to the pathogenesis of age-related vascular dysfunction. 

6. miRNA, DNA Repair and Atherosclerosis 

Recent studies show that miRNAs play a crucial role in the regulation of diverse cellular processes, 
such as proliferation, differentiation, cellular migration, apoptosis and DNA damage response [70-74]. 
miRNAs are an evolutionarily conserved group of small non-coding RNA molecules (18-25 
nucleotides in length) that regulate the stability and translation of mRNA by perfect or imperfect base 
pairing at the 3' untranslated region (3'UTR) of the mRNA [75]. miRNAs have overlapping functions 
and, therefore, the same miRNA may have a role in several cellular processes. Under cell stress 
conditions, deregulation of miRNAs is often observed and may result in the development of disease, 
including cardiovascular disorders, such as heart failure, cardiac hypertrophy and post-myocardial 
infarction remodeling [76-78]. Some endothelial- specific miRNAs play important roles in 
angiogenesis and are deregulated in vascular disease, such as atherosclerosis, coronary artery disease, 
post-angioplasty restenosis and diabetic vascular complication [79,80]. Reduced levels of circulating 
miR-126 in the blood of patients with coronary artery disease and diabetes have been described [81,82]. It 
has been shown that miR-126 is involved in angiogenesis by regulation of the activity of MAP kinase 
and in vascular inflammation by suppression of vascular cell adhesion molecule- 1 (VCAM-1) [77]. 
miR-21 is abundantly expressed in all types of cardiovascular cells, such as VSMCs, endothelial cells, 
cardiomyocytes, cardiac fibroblast and angiogenic progenitor cells [77]. Moreover, it has been found 
up-regulated in human atherosclerotic plaques [83]. Thum et al. showed that miR-21 regulates the 
ERK-MAP kinase signaling pathway in cardiac fibroblasts, which impacts global cardiac structure and 
function [84]. 

The presence of DNA damage determines the activation of a cascade of proteins involved directly 
in the repair, but also in the control, of the cell cycle. All these steps are finely regulated. With more 
and more predicted and validated miRNA targets, it is becoming clear that DNA damage responsive 
genes have been subjected to inhibition by miRNAs and that DNA damage response results in 
differential activation of miRNAs [85]. Varying levels of DNA damage seemingly lead to activation of 
unique, as well as common sets of miRNAs, suggesting that miRNAs regulate the DNA damage 
response by a mechanism based on the nature and intensity of DNA damage [86]. miR-21 
downregulates the expression of mismatch repair protein MSH2 [85,87], and it negatively regulates 
Gl/S transition and G2/M checkpoint [74]. In the presence of DNA damage, miR-21 suppresses 
CDC25A expression through a defined sequence in 3'UTR of CDC25. A study identified that the 
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treatment of VSMCs with hydrogen peroxide increases miR-21 expression in a dose-dependent 
manner and causes an anti-apoptotic effect on the cells [88]. Furthermore, several miRNAs are 
involved in the senescence of endothelial cells. A study indicated that miR-34a over-expression 
induces endothelial cell senescence and also suppresses cell proliferation by inhibiting cell cycle 
progression. This phenotype is determined by downregulation of SIRTl expression and an increase of 
p53 acetylation [89]. Moreover, acetylated p53 increases the expression of miRNA-34a that affects 
SIRTl. These examples show that miRNAs target not only single mRNAs, but complete networks of 
often functionally related transcripts and, hence, may contribute to alter DDR in cardiovascular cells. 

7. Conclusions and Future Perspectives 

DDR is under intense investigation due to its involvement in many human diseases [90]. Alteration 
of DDR has a pivotal role not only in rare genetic diseases associated with mutations in DNA repair 
genes (e.g.. Ataxia telangectasia, progerioid sj^dromes), but also in cancer and other degenerative 
diseases, such as neurodegenerative and cardiovascular diseases. In particular, DNA damage repair is 
an active area of investigation in the pathogenesis of atherosclerosis. 

At the present time, it is well-established that atherosclerosis is in part caused by accumulated DNA 
damage [6]. However, our understanding of the mechanism by which DNA damage participates in the 
atherogenic process is still limited and fundamental questions remain unanswered. For example, can 
atherosclerosis result from an alteration of DDR? Can we reduce the rate of DNA damage and, thus, 
delay atherosclerotic progression? Challenges for the future would be to determine how the activity of 
DDR proteins is regulated and why DDR impacts cellular function in vascular systems. Further insight 
into the basic biology of DNA damage and repair is a fundamental strategy in identifying targets for 
novel therapeutic approaches in order to antagonize premature vascular aging. The new therapeutic 
strategies can be addressed in different directions. It would be useful to look for therapies aimed at 
potentiating DDR, as observed with statins [23], to reduce DNA damage by the antagonist of the 
angiotensin II receptor [7,91,92] or by the agonist of bradykinin B2 receptors [93]. Angiotensin II 
induces ROS -mediated DNA damage resulting in accelerated biological aging of hVSMCs via 
telomere-dependent and-independent pathways. Bradykinin B2 is a hormone that protects against 
ROS-induced DNA damage and endothelial cell senescence through bradykinin B2 receptor 
receptor-mediated nitric oxide (NO) release. Another strategy to reduce DNA damage could be the use 
of mitochondrial targeted ROS scavengers [94]. Alternatively, DDR signaling can be addressed by 
altering sirtuins and PARP-1 signaling, thus interfering with polyploidy and cellular senescence, 
correcting, in parallel, loss of proper cell function due to the oxidative stress response [49,95]. 
Furthermore, it would be extremely important to find molecules, like statins, improving the activity of 
the proteins directly involved in HR and NHEJ. On the other hand, improving our knowledge of 
miRNA regulation will be important for future prevention and treatment of vascular diseases, since 
these molecules are involved in many cellular processes, including DDR. 

A better understanding of the DDR may represent the molecular substrate for explaining how 
environmental and occupational exposure can lead to aberrant gene expression patterns in vascular 
cells, resulting in increased cardiovascular risk. 
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More basic research and clinical studies are needed for a better understanding of DNA damage in 
vascular dysfunction in order to limit the acute complications of atherosclerosis and identify new 
targets for drug development. 
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